Experimental realization of an entanglement filter through the environmental selection 



(N 

o 

< 

a; 
i 

^— > ■ 

a 



o 

ON' 

q: 
00 ■ 

o: 



C. Zu 1 , Y.-X. Wang 1 , X.-Y. Chang 1 , P.-Y. Hou 1 , H.-X. Yang 1 , L.-M. Duan 1 ' 2 

1 Center for Quantum Information, HIS, Tsinghua University, Beijing, China and 
2 Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA 

We report an experiment that uses the environmental selection, a key concept in the recent 
theory of quantum Darwinism, as a mechanism to realize the entanglement filter, a useful quantum 
information device that filters out certain entangled states. In the experiment, the environment of 
two qubits is controlled to favor an entangled state and kill other competing components in the 
input state. The initial state has vanishing entanglement, but the state surviving after interaction 
with the environment is close to a maximally entangled state, with an entanglement fidelity of 
(94.7 ± 1.9) % measured through the quantum state tomography. We experimentally demonstrate 
that the generated entanglement is robust under change of the initial state configurations and the 
environmental parameters. 

PACS numbers: 



Environmental selection, a key concept in Darwin's 
theory of evolution, has found important applications in 
several areas of science. A striking example in quantum 
physics is the mechanism known as quantum Darwinism, 
recently proposed to explain the emergence of classical 
reality from the quantum world [U-IH . The concept of 
quantum Darwinism has found interesting applications 
in theory of quantum measurements [lj-dj] . In quantum 
measurement process, the fittest states selected out by 
the environment correspond to the classical pointer states 
0> Ej] . The state of the system, originally in a quantum 
superposition, tends to collapse onto the pointer states 
due to the environmental interaction. The proliferation 
of the classical pointer states in the environment explains 
their robustness and the appearance of a classical reality 
through the measurement, but at the same time it in- 
duces decoherence in the system, reducing its potential 
for quantum information. 0, 0] • 

With advance of quantum control techniques [6J, it 
becomes possible to engineer the environment of quan- 
tum systems in such a way that the fittest state selected 
out by the environment corresponds to a quantum entan- 
gled state. The environmental selection, a key concept in 
quantum Darwinism, can then be used in a novel way as 
a mechanism to realize an entanglement filter. Just like 
a polarization filter which can select out certain polariza- 
tion states, the entanglement filter is a useful quantum 
information device proposed in Refs. 0, [H to filter out 
certain entanglement components. An entanglement fil- 
ter that can select out two-qubit states according to the 
parity of their polarizations has been realized recently 
1- 

In this paper, we report an experiment that demon- 
strates a new type of entanglement filter based on the 
mechanism of the environmental selection. This en- 
tanglement filter selects out a certain entangled Bell 
state, which corresponds to the fittest state in a spe- 
cially designed environment for two propagating photonic 
qubits. Through the environmental selection, the entan- 



glement filter generates almost maximally entangled out- 
put state with a measured entanglement fidelity about 
(94.7 ± 1.9)% from the unentangled input states. Note 
that the environmental coupling is typically in favor of 
classical states and leads to decay of quantum entangle- 
ment. Dissipation from the environmental coupling has 
been generally identified as the major obstacle for realiza- 
tion of quantum information processing. There are strik- 
ing exceptions where controlled dissipation under certain 
configur atio ns become helpful for entanglement genera- 
tion |9l 4l4l ]. Our reported experiment belongs to this 
striking class, where the environmental selection emerg- 
ing from the dissipation is used as a mechanism to real- 
ize an entanglement filter, which generates entanglement 
from unentangled input states. 

In our experiment, the input state is a mixture of two 
classical states 

Pm = \c \ 2 \HV) (HV\ + | Cl | 2 \VH) (VH\ (1) 

with arbitrary mixing coefficients | cq | 2 and |ci| 2 , where 
\H) (\V)) represents a single-photon state with hori- 
zontal (or vertical) polarization. The input state pi n 
is in a two-dimensional subspace spanned by \HV) 
and \VH). Alternatively, we can take the Bell states 
|*±) = (\HV) ± \VH)) /y/2 as the basis- vectors for this 
subspace. Using |\E' ± ) as the basis- vectors, the state 
Pin is expressed as p m = (|*+) (*+| + |*") (* _ |)/2 + 

(|co| 2 - M 2 ) (|*+) (*-| + I*-) We design an 

environment so that it favors a certain entangled state, 
say \"$> + ) , and leads to large decay of the other component 
(l^ - ) in this case) with a decay ratio j3 — e -7 ~/e _7 + < 
1. This realizes an entanglement filter that selects out the 
state. After the environment, the effective output 
state (unnormalized) has the form 

Pout = (|* + )(* + | +/3|tf-)(tf-|)/2 

+ (m 2 - hi 2 ) (|* + ) <*1 + 1*") <* + |j(2) 



2 



In the limit with /3 <C 1, the output state becomes maxi- 
mally entangled although the input state pi n apparently 
has no entanglement. In the simple case of |co| 2 = |ci| 2 , 
th e en tanglement of p ou t, measured by the concurrence 
C [lU, has the analytic form C = (1 - /3) / (1 + 0). 

To experimentally produce the mixed state in the 
form of Eq. (1) for two photons, we generate the pho- 
ton pair through the spontaneous parameter down con- 
version (SPDC) in a nonlinear BBO crystal. The ex- 
perimental setup is shown in Fig. 1. The pumping 
pulse before the BBO crystal is in the polarization state 
Co \H) + ci \ V), where the ratio cq/c\ is set by the an- 
gle of a half wave plate (HWP). After the BBO crys- 
tal, the down converted photons are in the state |*) = 
c \H, f H (t)) \H, f H (t)) + d \V, fv (*)) \V, fv (t)), where 
l/ff (*)) (l/v (*))) denotes the pulse shape of the corre- 
sponding photon with horizontal (vertical) polarization. 
Due to the birefringence in the BBO crystal, the shape 
functions fu (t) and fv (t) for different polarization com- 
ponents do not perfectly overlap in time. To generate en- 
tanglement, typically we need another birefringent crys- 
tal, such as a quartz, to compensate this mismatch in 
the pulse shapes. In this experiment, we set the quartz 
compensator in the reserve direction, so the shape mis- 
match of the pulses is actually amplified. As a result, 
we have (fn (i) \fv (*)) ~ 0, and the polarization state 
of the down converted photons, after tracing over the 
shape degrees of freedom, is described by the mixed state 
| c 1 2 \HH) (HH\ + |ci| 2 \ VV) (VV\. After another HWP 
which exchanges the states \H) and \V) for one of the 
photons, we get a state in the form of pi n described by 
Eq. (1). 

To experimentally confirm that the input state to the 
optical channel has vanishing entanglement, we perform 
quantum state tomography on the state pi n . For two- 
qubit states, the quantum state tomography is done with 
16 independent measurements in complementary bases 
and the density matrix is reconstructed using the max- 
imum likelihood method fl6j |. The density matrix from 
the experimental measurement is shown in Fig. 2 when 
Co = c\ = l/v2- The data is consistent with the 
state pi n = (\HV) (HV\ + \VH) (VH\)/2 with small off- 
diagonal matrix elements. The off-diagonal matrix el- 
ements result from the small but non-zero overlap be- 
tween the pulse shapes Jh (t) and fv (t) for the horizon- 
tal and the vertical polarization components. From the 
measured density matrix, the concurrence for the input 
state is found to be C — 0.040 ± 0.024, which indicates 
that the entanglement for input state is close to zero. The 
error bars in C and other experimentally measured quan- 
tities account for the statistical error associated with the 
photon detection under the assumption of a Poissonian 
distribution for the photon counts. 

Now the input state goes through an entanglement fil- 
ter represented by the optical channel shown in Fig. 1 
which has a tunable environmental coupling induced by 
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FIG. 1: (A) Illustration of an entanglement filter through the 
environmental selection. (B) Experimental setup that realizes 
an entanglement filter through the environmental selection. 
Before the box, a spontaneous parametric down conversion 
process prepares two single photons in unentangled states. 
Ultrafast laser pulses (with the pulse duration less than 150 fs 
and a repetition rate of 76 MHz) at the wavelength of 400 nm 
from a frequency doubled Ti:sapphire laser pump two joint 
beta-barium-borate (BBO) crystals, each of 0.6 mm depth 
with perpendicular optical axis, to generate photon pairs at 
the wavelength of 800 nm. Birefringent quartz crystals in- 
duce large shape mismatch between horizontal and vertical 
polarization components of the pulses, and the input state to 
the box thus has vanishing entanglement as verified by quan- 
tum state tomography. The setup inside the box realizes an 
entanglement filter through a dissipative optical channel (en- 
vironment) which selects out one of the maximally entangled 
Bell states as the fitted state from this environment. After 
the box, the entanglement is verified through quantum state 
tomography, using wave plates, single-photon detectors, and 
coincidence measurements. 



an attenuator. The attenuator, together with the Hong- 
Ou-Mandel interference setup in Fig.l, introduces differ- 
ent decay rates for the Bell states |\& + ) and \^~)- After 
the first beam splitter in Fig.l, the two photons will go 
along the same path (with 1/2 probability for each path) 
if they are in the state and different paths if they 

are in \^f~). An attenuator induces loss of photons in 
one of the paths with the attenuation factor e -7 . So 
the net attenuation factors for the state |\& + ) and \^~) 
are given respectively by (l + e~ 27 ) /2 and e~ 7 . Appar- 
ently, the state |\E r+ ) has a smaller attenuation in this 
optical channel. So, the environment favors the entan- 
gled state |\& + ) by killing its competing component l^ - ) 



FIG. 2: Real (A) and imaginary (B) parts of the density 
matrix of the input state to the environment reconstructed 
through the quantum state tomography. 



FIG. 3: Real (A) and imaginary (B) parts of the density 
matrix of the output state after the environmental selection 
reconstructed through the quantum state tomography.. 



at a faster rate. After this optical channel, the emerg- 
ing photons after the second beam splitter is described 
by the effective state p ou t in the form of Eq. (2) with 
the decay ratio (3 — 2/ (e~ 7 + e 7 ) (Note that similar to 
other SPDC experiments, the vacuum components at any 
output port of the optical channel are dropped as they 
will be erased by the single-photon detection and coin- 
cidence measurement). The concurrence of p out is then 
given by C = tanh 2 (7/2), which approaches to the unity 
corresponding to a maximally entangled state when the 
attenuation factor e~ 7 <C 1. 

To verify entanglement generated by the entanglement 
filter through the environmental selection, we perform 
quantum state tomography on the output state p ou t . Fig- 
ure 3 shows the elements of the density matrix recon- 
structed from the experimental data. The output p out 
is pretty close to a pure state with the density matrix 
|*e)(*e|, where |* e ) = (\HV) + e w \VH)) fy/2 with 
9 fa 0.1507T. The state deviates by a relative phase shift 
9 from the survivor state \^ + ) that one expects from the 
above analysis. The reason for this deviation is that the 
beam splitter in our setup has birefringence, which in- 
duces slightly different relative phases for the horizontal 
and the vertical polarization components on the output 
paths (see the characterization in the method section). 
Note that 9 is just a fixed phase shift which can be easily 
compensated with no influence on entanglement. From 
the measured density matrix p ow t, the entanglement fi- 
delity for the output state, denned as the overlap of p out 
with the closest maximally entangled state, is found to be 
F e = 0.947±0.019. A bound on the entanglement fidelity 



with F e > 1/2 is a witness for entanglement 17 1. From 
the measured matrix elements, the concurrence for the 
state p out is calculated, given by C (p out ) — 0.902±0.028, 
which suggests that substantial entanglement has been 
generated in our experiment through the environmental 
selection. 

To confirm that the environmental selection is the 
mechanism for entanglement generation, we control the 
survival probabilities for the states and \^^) in the 
optical channel by tuning the attenuation 7 and mea- 
sure how the entanglement varies under change of the 
environmental selection strength (which corresponds to 
a partial entanglement filter). For each case, the out- 
put state of the optical channel is reconstructed experi- 
mentally through the quantum state tomography and its 
entanglement is directly calculated from the measured 
density matrices. In Fig. 4, we show the measured en- 
tanglement in term of concurrence for the output state 
under different loss rate e = 1 — e~ 7 , and the results are 
compared with the theoretical prediction based on the 
environmental selection. With a small loss rate e, which 
corresponds to the case of weak environmental selection, 
the entanglement is tiny. As the strength of the environ- 
mental selection increases by tuning up the loss e, entan- 
glement significantly increases and eventually approaches 
the unity when e — > 1. The agreement between the data 
and the theoretical prediction within the uncertainty im- 
posed by the experimental imperfection indicates that 
the environmental selection is the underlying mechanism 
for entanglement generation. 

The entanglement generated from the environmental 
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FIG. 4: The entanglement (in concurrence C) of the output 
state as a function of the loss rate e induced by the attenuator. 
The density matrices are reconstructed at each data point 
through the quantum state tomography, and the entangle- 
ment is calculated from the experimentally measured density 
matrices, with the error bar coming from the statistical error 
in photon counts. The solid (dashed) lines are from theoret- 
ical predictions based on the environmental selection mecha- 
nism. We use the ideal input state in Eq. (1) with jco| 2 = 1/2 
for the dashed line (where C = tanh 2 (7/2) — e 2 /(2 — e) 2 ) and 
the real input state reconstructed in Fig. 2 through quantum 
state tomograph for the solid line. 



selection is robust under change of various experimental 
parameters or configurations, as shown in Table 1. First, 
it is insensitive to the initial state. We arbitrarily rotate 
the polarization of the pumping laser through a half wave 
plate, and entanglement of the output state remains ba- 
sically unchanged within the experimental error bar. For 
instance, when the pumping pulse is set to horizontal po- 
larization, the input state to the optical channel becomes 
\HV) (apparently unentangled) , which can be written as 
a superposition of |^ + ) and |^~) states. As the |<F~) 
component is diminished by the environmental selection, 
the output state becomes a maximally entangled one. 
The measured concurrence in this case is 0.902 ± 0.020. 
Second, the entanglement generation here is also insen- 
sitive to some environmental parameters. For instance, 
if we insert a quarter wave plate to change the relative 
phase between the two arms of the optical channel in the 
box of Fig. 1, the change to the measured concurrence 
shown in Table 1 is tiny and within the experimental 
error bar. Finally, note that in the conventional SPDC 
setup, the pulse shape compensation is a critical require- 
ment for entanglement generation. Here, when the en- 
tanglement is generated by the environmental selection, 
we do not need any shape compensation after or before 
the BBO crystal. If we remove the birefringent quartz 
crystals or add more of them in Fig. 1, the variation 
of the entanglement fidelity and the concurrence remains 
negligible as shown in Table 1. 



Configurations 


Entanglement fidelity 


Concurrence 


case I 


0.947 ±0.019 


0.902 ±0.028 


case II 


0.940 ±0.012 


0.902 ±0.020 


case III 


0.934 ±0.014 


0.897 ±0.026 


case IV 


0.952 ±0.013 


0.923 ±0.026 



Table 1: Entanglement fidelity and concurrence of the 
output state after the environmental selection under dif- 
ferent configurations of the input state and environment. 
Case I corresponds to a mixed input state to the envi- 
ronment where the density matrix is shown in Fig. 2. In 
case II, the polarization of the pumping laser is in hori- 
zontal direction, corresponding to a product input state 
\HV) to the environment. In case III, we insert a quarter 
wave plate in one arm of the optical channel, which in- 
duces a relative phase shift between the two polarization 
components. In case IV, we remove one quartz crystal 
which changes the shape mismatching for the polariza- 
tion components in the input state. 

In this paper, we report an experiment that demon- 
strates a new type of entanglement filter based on the 
environmental selection, a key concept in the recent the- 
ory of quantum Darwinism. We have experimentally con- 
firmed that the entanglement filter generates high-fidelity 
entangled states through selection-out of the fittest com- 
ponent from the initially unentangled states. The entan- 
glement filter may prove to be a useful quantum infor- 
mation device, with its ability to robustly generate and 
manipulate entanglement. 

Appendix: Birefringence of the beam splitter 

A balanced non-polarizing beam splitter induces a trans- 
formation a% —> [a\ + 0,2) /V%, 0*2 —> (0.2 — ai)/V2 to 
its input-output modes for both the horizontal (a = h) 
and the vertical (a = v) polarization components. How- 
ever, the beam splitters used in our experiment have a 
small birefringence where the transformation can be rep- 
resented by hi -> (hi + h 2 )/V2 and v\ -» (vie 101 + 
V2e 1 ® 2 ) I V2- Compared with the conventional transfor- 
mation, we should replace |Vi) and | V2) with \Vi) e 101 
and I V2) e 1 ® 2 , and the fittest state selected out by the en- 
vironment thus becomes |* e ) = (\HV) + e ie \VH)) /y/2 
with 9 = 0\ — #2- Using a laser beam at 800 nm wave- 
length, we measure the angles 0\ and 62 by setting the 
input at the polarization state (\H) + |V))/v2 and find 
that Q\ = 7.2° and 82 — —18.6° for our beam splitter, 
which gives 9 = 25.8° ~ 0.1437T, in good agreement with 
the state in Fig. 3 reconstructed from the quantum state 
tomography. 
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